In order to gain insight into the molecular changes at the protein level in plants exposed to low temperature for a long period of time (vernalization), proteome analyses of vernalization-treated Arabidopsis thaliana have been carried out by two-dimensional gel electrophoresis followed by matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry. Fourteen proteins including ATP binding/GTP binding/translation elongation factor and glycine-rich RNA-binding protein 7 (GRP7) showed differential expression in vernalization-treated Arabidopsis thaliana. GRP7 showed the most dramatic increase in expression suggesting its involvement in response to vernalization treatment.
Introduction
Flowering time of plants is regulated by both endogenous chemical signals and environmental cues. The two major environmental factors influencing flowering time are light and temperature. 1 Many plants recognize a seasonal change for flowering through photoperiod, a length of day. Recent analysis showed that circadian rhythm of a gene called CONSTANS (CO) and coincidental light exposure at the peak time of CO is the molecular basis of photoperiodic flowering response in both monocots and dicots. 2 Temperature is another important factor in determining the flowering time. It has been reported that flowering is accelerated in winter annuals of many plant species (such as wheat, barley, cabbage and Arabidopsis) if exposed to low temperature for a long time. It is called vernalization. 3 Vernalization is an evolutionarily advantageous mechanism preventing premature flowering during late fall and allowing flowering in the following spring in response to favorable environments. 3, 4 The effect of vernalization treatment depends on the growth status and genotype of the plant as well as the length of the treatment. 3, 4 The recent molecular genetic analyses of Arabidopsis winter annuals revealed the epigenetic regulatory mechanism of vernalization such that vernalization changes the chromatin structure of a strong floral repressor, FLOWERING LOCUS C (FLC) from active to silenced state. 5 However, what causes such chromatin modification is not understood. Therefore, it is of critical importance to see proteomic changes induced by vernalization. It is hoped that the identification of proteins differentially expressed in vernalization-treated A. thaliana could provide a clue to understanding, at the molecular level, key steps in controlling the flowering time of plants in general. In this paper, we report identification, by 2-D electrophoresis and MALDI-TOF mass spectrometry (MS), of several proteins that seem to be associated with vernalization.
Experimental Section
Chemicals. Immobilized pH gradient strips (pH 5-8, ReadyStrip, 0.5 × 3.3 × 170 mm), acrylamide, sodium dodecyl sulfate (SDS), ammonium persulfate, coomassie Brilliant Blue (CBB) R-250, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), protein assay solution, and ampholyte (Bio-Lyte, 3/10) were from Bio-Rad (Hercules, CA, USA). Urea, thiourea, N,N'-methylenebisacrylamide, Triton X-100, dithiothreitol (DTT), trypsin, and iodoacetamide (IAA) were from Sigma (St. Louis, MO, USA). Tris- Isoelectric focusing (IEF) followed by polyacrylamide gel electrophoresis was performed in a standard manner. Image Master TM (Swiss Institute of Bioinformatics, Switzerland) was used to calculate the volume percent of the protein spots on the gel.
MALDI-TOF MS of tryptic peptides. The protein spot from the gel was sliced and digested overnight at 37 o C with 10 μL of a trypsin solution (2 μg/mL in ammonium bicarbonate). For MS analysis, 1.5 μL of the matrix solution (2 mg CHCA in 60% ACN with 0.1% TFA) was mixed with an equal volume of the tryptic digest, and a 0.5 μL aliquot was loaded on AnchorChip TM target plate. Auto Flex II MALDI-TOF MS/MS (Bruker Daltonics) equipped with a 337 nm nitrogen laser, delayed extraction, and reflectron was used in the positive ion mode. MASCOT peptide mass fingerprint search program (http://www.matrixscience.com/ cgi/search_form.pl?SEARCH=PMF) was used for protein identification. The search options were: NCBI database, Arabidopsis thaliana, maximum of 2 miss cleavages, 100 ppm mass error.
Transcriptional analysis. To characterize the transcriptional level of AtGRP7, total RNA was extracted from 11 days old seedlings using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA). Through reverse transcription-polymerase chain reaction (RT-PCR) amplification, the expression level of each gene was analyzed. The sequences of primers used were AtGRP7F (TGCTTCGTTGGAGGTCTAGC)/AtGRP7R (GTAACCTCCTCCTTCACCAC) for AtGRP7, and TUB-F (CTCAAGAGGTTCTCAGCAGTA)/TUB-R (TCACCTT-CTTCATCCGCAGTT) for TUBULIN.
Results and Discussion
Results from 2-D electrophoretic separation of proteins extracted from control and vernalization-treated A. thaliana are shown in Figure 1 . Some distinct changes were evident by visual inspection. A total of 41 proteins were identified. Among them, 27 spots (indicated with arrows) were observed in both samples without major changes (Table 1) . They include Rubisco activase, glutathione transferase, nucleoside diphosphate kinase, and ribulose-bisphosphate carboxylase. In some cases the changes were certain but minor. In several cases, two spots separated horizontally were identified as the same protein (1/2, 3/4, 9/10/11/15, 13/14, 23/24, 25/26) and probably represent modification of the acidic or basic group resulting in the shift in isoelectric pH (pI) with a small change in the molecular weight. Most of the proteins not affected by vernalization correspond to the functional group of metabolism and indicate that vernalized plants carry out basic metabolic activity at the normal rate.
A total of 14 protein spots (12 different proteins) showing increase or decrease in intensity by a factor of about two or more are circled. Again, proteins related by modification were observed (3/4, 5/6). These differentially expressed proteins are summarized in Table 2 . Proteins showing decreased and increased expression are listed separately in the increasing order of differential expression. The percent volume of the protein spots in Table 2 are average of results from 16 separate gels (multiple harvests and extractions from control and vernalization-treated A. thaliana).
Eight proteins showing significant decrease in the expression level upon vernalization-treatment include glutathione transferase, translation elongation factor, transcription factor, putative major latex protein, glyceraldehyde 3-phosphate dehydrogenase, and carbonic anhydrase. Since the vernalization-treatment was essentially a cold-treatment, decrease in certain metabolic and regenerative proteins was expected. However, why these particular proteins are significantly lowered in cellular concentration in a reproducible manner is not understood and poses an interesting question in terms of their structure and function. The reproducibility in the decreased expression of putative major latex protein (spot 14) is shown in Figure 2 as an example. The observation was reproducible in duplicate extractions from two separate harvests of the plant.
We were more interested in finding proteins that are overexpressed in vernalization-treated A. thaliana. Three pro- teins (fructose-bisphosphate aldolase, triose phosphate isomerase, and an unknown protein) showed about 2-fold increase. Most remarkable was AtGRP7; RNA binding protein, which showed more than 10-fold increase in a reproducible manner as shown in Figure 3 . The MALDI-TOF mass spectrum of AtGRP7 tryptic peptides is shown in Figure 4 .
To address if the increase of AtGRP7 protein is due to the increased transcript level, we performed reverse transcription-polymerase chain reaction (RT-PCR). As shown in Figure 5 , AtGRP7 transcript was increased after 1 week cold treatment which does not affect the flowering time. 6 In addition, such an increase was maintained for 4 weeks of vernalization treatment which strongly accelerates flowering time. It has been reported that AtGRP7 transcript is increased by cold stress. 7 The AtGRP7 gene has also been known to be involved in the circadian rhythm, 8 thus suggesting the possible link between circadian rhythm and cold response. However, it has not been elucidated in the past if AtGRP7 is involved in the vernalization process or flowering time regulation.
In contrast to AtGRP7, another member of the same gene family, AtGRP8, showed no significant change at the protein level upon vernalization, which was confirmed by more than 3 independent biological replicates ( Table 1) . It is an interesting result because AtGRP8 also has been reported to be induced by cold stress. 7 When the plants were continuously exposed to cold, the transcript level of AtGRP8 was increased during the first day but was gradually decreased afterwards. Thus, it is likely that AtGRP8 level is increased by short-term cold stress but gradually decreased during acclimation to a long period of cold, i.e., vernalization. In contrast, AtGRP7 is not only induced by cold stress but also maintained during vernalization. Therefore, it is likely that AtGRP7 has a divergent function compared to AtGRP8.
A variety of RNA binding proteins involved in posttranscriptional control are known. [8] [9] [10] The RNA recognition motif (RRM) toward the N-terminal side of the RNA binding proteins consists of 80-90 amino acids. The RNP1 (RGFGFVTF) and RNP2 (CFVGGL) sequences in the RRM are directly involved in target RNA recognition and binding. Typical cellular RNA binding proteins have one or two RRM toward the N-terminal and various auxiliary motifs toward the C-terminal end. Auxiliary motifs known include glycine-rich region, zinc finger motif, and acidic domain. 11, 12 The AtGRP7 protein that showed over 10-fold increase upon vernalization-treatment has a RNP1 (RGFG-FVTF) sequence at residue 49-56 and a glycine-rich region toward the C-terminus as shown below.
Although vernalization is the same as cold treatment except for the length of the low temperature treatment, it is physiologically different in that the cold treatment usually does not affect flowering time significantly whereas vernalization affects flowering time dramatically. 3 The molecular basis of vernalization has been elucidated recently. 5 The final outcome of vernalization in Arabidopsis is the suppression of FLC, a strong repressor of flowering. Interestingly, many RNA binding proteins function as repressors of FLC. 13 For example, FCA gene encodes the protein with the RRM motif, 14 FY gene encodes polyadenylation factor, 15 and FPA and FLK encodes proteins with plant-specific KH type RNA binding domain. 16, 17 The mutation of any of these genes causes a strong activation of FLC, thus resulting in late flowering. 13 Our results showing increase in AtGRP7, a RNA binding protein, upon vernalization which causes the suppression of FLC are consistent with the earlier results that many of the RNA binding proteins are involved in the repression of FLC. It has also been known that the cellular level of transcripts for RNA binding proteins is significantly increased under stress such as cold, drought, or viral infection. 10, 11 Because AtGRP7 gene is also increased by cold stress, it is possible that AtGRP7 is involved in the response to cold stress. This question can be addressed by generating a loss-of-function mutant and over-expression of transgenic line of AtGRP7.
